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1. Introduction.



Single Spin Asymmetry (SSA)
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E704(’'91) and STAR(”02) found big asymmetry
in the forward direction ! (large xp)

pp — ATX: experimentally known since 70’s.
Bunce et al.(’76), Heller et al.(’78)....

SSA in SIDIS;
ep! — /X, HERMES(’99,°03); vp — puATX, NOMAD(’00); ep — eATX,
(eRHIC)..



FNAL-E704: Apn for pTp — 7 X and pTp — 7 X
Vs =20 GeV, pr =15 GeV
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RHIC-STAR, hep-ex/0310068
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Fundamentals of SSA: ex. pTp —» 71X

|1+ (1)) = == (]+) £i|-)): L pol. states with the helicity eigenstates |+).
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(i) Helicity flip in the forward (cut) amplitude denoted as { }.

(ii) (---|T|—) and (- --|T|+) should have different phases.

* BUT, in conventional twist-2:

q
(i) is caused only by m, # 0 in the hard cross section. \

(ii) is caused only through loop corrections

to the hard cross section.

Ay ~ ="2: smalll (Kane et al. ('78)) q /M
N -+ J

——— | Other mechanisms necessary for a big SSA!




Origin of “T-Odd” observable (De Rujula et al. NP,B35('71)365)

AN ~ 51 - p X pgr ~ Sin¢g changes sign under _
p— —p, Pr — —Pr, S; — —S5,.— called " T- 35‘1 T >Z‘
odd" . " T-0dd” " T-violating” . - Z —

S-matrix for i — f: Sy = 05 + 1(2m)* 04 (Pr — P)Ty;.

From Unitarity, STS = 1: sz—Tj} = Zzn(Qﬂ)454(Pn_Pz)TnzT;f = ’LAfZ
Ay;: Absorptive part of T-matrix.

— |Tpil? = |Tip|? +2Im{Ty; A%} — |Apil?

Subtract |T7|? from both sides (i = ( S) —i=(-P,—9)).

_ (P
—— |15 — TR = (ITFR<T5 ) + 2Im{TpiA3,} - |Agl
0

‘ By T-inv.
T-odd effect




QCD Factorization for ep — en X (twist-2)

o =q(z) ® q(2) ® Ohard féi

q()

For ep? — en X, we have

—

t/z/z/ R R —— Usual twist-2:

R suppressed by asm,/pr

L R
\

dq(x): transversity



Implication by helicity flip: ex. SIDIS ep! — en X:

) _ Collins
1 L L R
L|ky L R — “T-odd”
L ) Sivers R ) Sq(x) R

“1 L LJ\\“ 1 L
L - L — Twist-3
L R L

Qiu&Sterman dq(x)

Helicity flip mechanism is proveded by introducing intrinsic k| or explicit

L
C

gluon field in the distribution/fragmentatiuon functions.

The nonzero value of these functions is a consequence of the chiral-

symmetry breaking.



2. 7 T-odd” distribution and fragmentation functions.



“T-odd” mechanism:

Introduction of nonperturbative intrinsic k_T of partons.

— Intuitively understandable.

Smooth start of SSA at low P_T:

GSA ~ 2MNPT2 _ (Collins’93)
pr + My

Factorization theorem ?



Distribution function with intrinsic k,. Ex. Sivers function (Sivers’90)

dg_dng_ ir -I-g—_iEJ__é“J_ _
[ Samter (PSIBO)U (0. )7+ (€| PS)

= 2(x, k1) + 7~ fir (2, kL) uasnp k1 ST
N

DIS DY
U(Oa f) gauge—link op. él_* -

- e

Remarks:
flLT: spin asymmetry of unpolarized quark dist. in L pol. nucleon.

firlpy = —fir|pis by T-inv. of QCD. (Collins,(’02); Belitsky et al.(’03))
— If gaugelink was ignored, fi5 = 0. — called " T-odd”.

T projection: not suppressed by large scale. ("leading twist”)
My : scale of the chiral symmetry breaking. (~ 1 GeV)
/;J_integration giVGS éi =0. — f dQEJ_ Ej_flLT(a:, EJ_) = 0.

Phase is provided by the exchange of gluons supplied by the gauge-link.



”T-odd” fragmentation function. Ex. Collins function. (Collins "93)

For the case of fragmentation function, ”"T-odd” function is allowed by

the final state interaction even without gauge-link.

T 1 —
F.T. Z<O|U’Y+’YL’Y5¢(O)|7TX>Outout<7TX’¢(€)U|O> ~ M—NHlJ_(Z’ kL)epnk:J_SL 4.
X

M: Scale for the chiral symmetry breaking. (Not m.!)

Universality not settled.

Physical meaning:

9y Ak, 4k,
S1
1 _ —_
17 —
S1

Other ”T-odd” functions.(Boer, Mulders...)
hi(z, k. ): distribution analogue of Hi.

Di(z,k1): fragmentation analogue of fi-..



Applications of “T-odd” functions

SIDIS ep' — enr X, Drell-Yan pTp — ~*X (Boer et al. NP B667 ('03) 201)

LO(O(a?)) cross section was derived taking into account of gauge-link. It

recovers the cross section obtained naively without including the gauge-link.

~ Hadron plane

q
open problem: NLO? £ Lepton phne/

Separation of Sivers and Collins effects:

(sin(¢ — ds)) ~ D e fir(x, k) @3 (2) @6,

(sin(¢ + ¢s5)) ~ > _erdq*(x) ® Hi*(2) ® 63,



Applications of “T-odd” functions (continued)

ptp = 1 X:
Phenomenology with Sivers effect (Sivers(’90),Anselmino et al. (’95)) and
Collins effect (Anselmino et al (’99))

O(ay) cross section without taking into account gauge-link.
.

"

Y

Smooth start of Ax at pr = 0, but eventually 1/pr at large pp. (Sivers’90)

Open problem: What happens with gauge link?



Phenomenology of p'p — 7X and pTp — 71X

Anselmino et al.(’95,’98,’99), Boglione & Leader(’00)

Ao ~ fir(z, k) ®q@)®d4(z) Q64 (a) (Sivers)
+ Sq(z)®q(z)) @ Hi (2,k1 ) ® 6, (b)  (Collins)
+ Sq(z) @ hi(2 k1) ®§(z) ®6. (¢) —— Negligible.
AN at large xp is governed by large (valence) region of z and z, and sea
region of x'.

(a): From AWN+ ~ — AT f4(x, ki)~ — fixd(x, k). This leads to slightly
smaller A”NO than A}{;. For p'p — nX, 7t and 7~ is interchanged.

(b): HiLu’J(WL) — H;""(7) by charge conjugation and isospin sym. To
reproduce A}{,i, du(z)/u(x) ~ —0.76 6d(x)/d(x). (Recall Au(x)/u(x) >
|Ad(z)/d(z)|.) This leads to slightly smaller AT, than AT, . For p'p — 7X,

7t and 7~ is interchanged.



FNAL-E704: Apn for pTp — 7 X and pTp — 7 X
Vs =20 GeV, pr =15 GeV
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To explain rising Ay at large z g, rising fi7/q(z) and/or Hi-/D(z) nec-

essary.

(b) violates Soffer’s inequality seriously. (Boglione et al. (PRD61(’°00)114001.)

Only Ay at xp < 0.7 can be reproduced.
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Saturation of Ay by Collins effect seems unlikely.

Boglione & Leader,
PRD61(’00)114001.




3. Twist-3 etlects.



Twist-3 mechanism for SSA

Systematic approach based on collinear factorization

P_T is produced solely from the partonic hard cross section

Suited for large-P_T production
Note: In unpolarized pp — 7 X, collinear factorization (twist-2) works as
low as Pr = 1.5 GeV in the forward direction at 1/s = 200 GeV. (Vogelsang

et al(’03))

SSA is a probe of quark-gluon correlation.

Twist-3 functions are all “T-even”.

SSA is 1/Q suppressed: O(F2) or O(F27F) in p'p — 7 X.

At what P_T, does the data fall on twist-3 mechanism?



From STAR collab. hep-ex/0310058
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Factorization for twist-3: three twist-3 cross sections

p'(p,S1) +p(p) = =(0) + X,
Ao ~ Gp(r,22)@q(2)®4(2)®64 (A)  (Qiu&Sterman99)
+ 0g(z) @ q(¢') @ Ep(21,20) ® 65 (B)  (Koike’02)

+ dq(z) @ Fp(x),25) ® ¢(2) @ 6c (C)  (Kanazawa&Koike ”00)

0q: transversity

(€)

Unpolarized: twist-2 Polarized: twist-3 (O :Hard part




Twist-3 distribtions:

/ /d,u Xz yip (w2 — w1)<PS’¢ 0 )gFO‘B(,LLTL)anz’()‘n)‘PS>

M

= T @)@J cOPnSL Gr(z1,12) + TN (75¢7V)ij P B (x1,x2) + - - -

M chiral symmetry breaking scale.

(Xz' Xl)p
X P X, P
L L
Gr(xy,x2) ~ ) 2
L R
(Xz' Xl)p
“PLy 3 Rixp
Er(z1,z2) ~ 0

L L



Twist-3 fragmentation function P2 =w?=00w=1

1 1

/ / U =i =i =30 (0]4py (0) (€ X) (€)X |g P (e (Am) 0)

= (v )i €@ Ep (21, 22) +

22

EF(21,Z2) ~ 6/21 R
L (lz,
Wz-Vz)¢

M p: Scale for the chiral symmetry breaking.



Characteristics of the twist-3 analysis
(cf. Qiu & Sterman '91 for p+p? ? ? +X)

Gr(z1,72) and Er(z1,22) contribute as soft-gluon pole (SGP) (i.e. 1 =

Ty, Or 21 = z3), and, inparticular, their derivatives %G’F(x, r) and %Ep(z, z)

also appear.

Phase is provided as an imaginary part of the internal propagator
: = P—L— —in§(x; — x2), which leads to SGP.

Tr1—To+1€ Tr1—o

At xr — 1, main contribution is from the region with x — 1, 2’ — 0 and

z — 1. x. <0 p//XF>o
] P

p —_—

2L Gp(z,z)| >> |Gp(z, )|, as Gp(z,z) ~ (1 — )7 (3> 0)
‘zd%ﬁp(a:,x)| >> |Ep(z, )|

Keep only terms with the derivatives £ Gp(z,z) and %Ep(z, z) for va-

lence quarks (Valence-quark soft-gluon approximation(Qiu&Sterman’99).



Characteristics of the twist-3 analysis (continued)

(A),(B): large contribution in the forward region (rp — 1) owing to (i)
the derivatives -LGp(z,x) and %Ep(z,z), and (ii) the properties of 64

and 6p.

An ~ KMy (O(f—:{]) + O(plT)> 1_1xF sin ¢: typical to twist-3.

1
1—331:*

Gr(z,z) = Kq(z) and Ep(z, 2) = Kq(z) with a constant K and K'.

behavior is due the ansatz:

Unphysical

(A): K,, = —K4 = 0.07 to reproduce A}{;r ~ — AT .

(B): K= K7, = —0.19. du(z) = 0.58Au(z) and dd(x) = Ad(x).

(C): negligible due to the smallness of 6¢.



x p-dependence of Ay at E704 and RHIC energy
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Chiral-even one; the same as Qiu & Sterman(’99)



(A): Initial state twist-3

(B): Final state twist-

RHIC-STAR, hep-ex/0310068

3

<

=20.5

0.3\ |nitial state twist-3

0.2}

0.1

01

pPpp= 101113 1.5 1.8 21 24 GeVic
-0.2

" e 7” mesons (3.3AnA4.1)  Assuming

04 | O Total energy (3.3AnA4[2) ASY =0.013
" [— Collins

Slivers

Final state twist-3

0

01 02 03 04 05 06 07 08
Xg




pr-dependence of Ay
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FNAL-E/704:

Apn for pTp = 7 X
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Connection between ”T-odd” function and the SGP function. (Boer et
al. NPB667(°03)201)

/ d?k lgifl_]_T(_i_)(ZC, k)= MnrGp(z, ).

SGP describes the effect of parton’s k| in the form of soft-gluon-field.

This equation can be used to test consistency between Sivers and SGP
mechanism using E7044+STAR and HERMES data.

BUT, these are the relations among distrbution/fragmentation functions

themselves. For the cross section (and SSA), more study is necessary.



Summary table of “T-odd” and Soft-gluon-pole (SGP) functions

T-odd function | SGP function | Physical meaning
fir(x, k1) Gp(zx,x) pt — ¢
hi (z, k1) Ep(z,z) p—q'
D (2, k1) CA}’F(z, z) g — AT etc
Hi(z, k) EF(Z,Z) q" — 7 etc

: Chiral-odd




Summary and outlook

A Big SSA is a consequence of the chiral symmetry breaking in hadron
structure. Its effect can be systematically incorporated by ”T-odd” func-

tions and /or twist-3 functions.

For SIDIS and Drell-Yan, LO SSAs have been derived in terms of Sivers
& Collins functions with gaugelink operators. The result is the same as the
naive one without gauge link. — What happens beyond LO? How about
pTp = X7

Direct connection between Sivers function and SGP: [ dk? k? fit(x, k) =
7TMN GF (ZE, ZE) .

fllT|DIS = — flLT Ipy; BUT universality of ”T-odd” fragmentation func-
tion?

At large pr, the " T-odd” mechanism eventually leads to 1/ppr-suppressed
SSA (Sivers’90).



Derivative of two SGP functions naturaly leads to observed rising Ay at

large zp. (No violation of Soffers’ equality.)

At low pr, twist-3 SSA blows up as 1/pr. — More data on pp-dependence

to see where the data starts to follow twist-3.

Twist-3 mechanism can be extended to large pr hadron production in
SIDIS relevant to eRHIC.
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